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Abstract	 Global	 change	 and	 growing	 human	 population	 are	 exhausting	 arable	 land	 and	 resources,	
including	water	 and	 ferti-	 lizers.	We	 present	 inoculation	with	 the	 endophytic	 plant-growth	 promoting	
bacterium	 (PGPB)	Herbaspirillum	 seropedicae	as	 a	 strategy	 for	 promoting	 growth,	 nutrient	 uptake	 and	
photosynthetic	efficiency	in	rice	(Oryza	sativa	L.).	Because	plant	nutrient	acquisition	is	coordinated	with	
photosynthesis	 and	 the	 plant	 carbon	 status,	 we	 hypothesize	 that	 inoculation	 with	H.	 seropedicae	will	
stimulate	proton	(H+)	pumps,	increasing	plant	growth	nutrient	uptake	and	photosynthetic	efficiency	at	low	

















resources	 are	 being	 exhausted	 (Maurino	 and	 Weber	 2013),	 and	 the	 urgency	 for	 more	 sustainable	
agricultural	 practices	 generating	 higher	 crop	 yields	 is	 consensual	 (Dias	 et	 al.	 2015).	 One	 important	
approach	is	to	implement	or	revitalize	eco-friendly	technolo-	gies,	such	as	inoculating	crops	with	plant-





(e.g.,	 Azospirillum	 brasilense,	 Gluconacetobacter	 diazotrophicus,	 Herbaspiril-	 lum	 seropedicae).	 These	




colonization	 from	 newly	 emerged	 lateral	 roots.	 As	 in	 the	 legume-rhizobial	 symbiosis,	 chemical	
communication	between	the	host	plant	and	the	bac-	 teria	also	occurs	(Monteiro	et	al.	2012).	Besides	N	
enhance-	ment,	phosphate	solubilization	and/or	phytohormone	pro-	duction	can	also	be	improved	through	
PGPB	 inoculation	 (Araujo	 et	 al.	 2013;	 Baldani	 et	 al.	 2000)	 as	 observed	 for	 rice	 (greenhouse	 trial—




et	al.	1992),	 showing	 the	 importance	of	 cell	membranes	as	 reliable	 sensors	of	bac-	 terial	presence	and	
mediators	of	bacterial	effects	on	plants.	Three	types	of	H+	pumps	(plasma	membrane	H+-ATPase,	vacuolar	
H+-ATPase	 and	vacuolar	H+-PPase)	 are	 responsi-	 ble	 for	H+	efflux	 into	 the	 vacuole	or	 apoplastic	 space,	





(Neu-	haus	 and	Trentmann	2014),	 also	by	vacuolar	H+	pumps.	 Indeed,	 genetic	 engineering	 approaches	
targeting	 increased	 H+	 influx	 into	 the	 vacuole	 (transgenic	 overexpression	 of	 vacuolar	 H+-PPase	 in	
Arabidopsis	 thaliana,	 tomato	 and	 rice	 plants)	 have	 been	 shown	 to	 generate	 higher	 crop	 yields	 (Paez-
Valencia	et	al.	2013).	 
Herbaspirillum	seropedicae	was	originally	thought	to	be	a	new	Azospirillum	species	(James	and	Olivares	
1998).	The	similarity	between	Herbaspirillum	and	Azospirillum	made	 further	 isolation	and	work	on	 the	
former	somewhat	difficult,	until	Baldani	et	al.	(1992)	developed	a	new	semi-	solid	malate	medium	(JNFb	
































(6400-02B).	Ci	 and	 gs	were	measured	 at	 the	 same	 time	 as	A,	 and	A/Ci	 (instanta-	 neous	 carboxylation	
efficiency)	was	calculated.	 












ATP-	 and	 PPi-dependent	 H
+	 transport	 across	 membranes	 were	 measured	 as	 the	 initial	 fluorescence	





Inoculation	 effect	 (%)	 =	 (Parameterinoculated	 −	 Average	 parameternon-inoculated)/Average	 parameternon-
inoculated	×	100.	 
where	 parameterinoculated	 is	 the	 value	 of	 a	 given	 parameter	 determined	 for	 inoculated	 plants;	 Average	
parameternon-inoculated	is	the	average	value	for	the	same	parameter	determined	for	non-inoculated	plants.	
Means	 were	 compared	 using	 the	 Student’s	 t	 test,	 at	 p	 ≤	 0.05.	 In	 all	 cases,	 preliminary	 analyses	 were	
performed	 to	 ensure	 no	 violation	 of	 statistical	 assumptions	 (including	 the	 Levene	 test	 for	 equality	 of	
variances).	All	statistical	analyses	were	performed	using	the	GraphPad	Prism	7.0	software.	 
Results	 







yellow	 leaves,	 especially	 older	 ones,	 indicating	 nitrogen	 deficiency	 (data	 not	 shown).	 Herbaspirillum	

















Root	 endophytic	 colonization	 by	 H.	 seropedicae	 was	 immediately	 (after	 harvest	 using	 fresh	 roots)	
confirmed	using	fluorescence	microscopy	(Canellas	and	Olivares	2017).	 
The	 effect	 of	 H.	 seropedicae	 inoculation	 on	 rice	 plant	 H+	 pumping	 efficiency	 (plasma	 membrane	 H+-
ATPase—	 EC	 3.6.3.6;	 vacuolar	 H+-ATPase—EC	 3.6.1.3;	 and	 vacu-	 olar	 H+-PPase—EC	 3.6.1.1)	 was	
determined	in	fresh	roots.	Membrane	vesicles	were	isolated	from	10	g	FW	of	rice	roots	as	described	by	
Giannini	and	Briskin	(1987),	frozen	in	liquid	N2	and	stored	at	−	80	°C	until	analysis.	Protein	concentra-	tions	




nutrient	uptake	and	photosynthetic	capacity.	For	 the	 first	 time,	we	showed	 the	 importance	of	vacuolar	
proton	pump	activity	as	a	possible	mechanism	to	explain	plant	growth	promotion	by	PGPB	at	an	early	stage	
of	plant–microbial	interaction.	 







not	 expected	under	 field	 conditions,	 since	PGPB	 field	 trials	 can	have	 inconsistent	 effects	 on	plant	 pro-	
ductivity	(Kong	et	al.	2018;	Ji	et	al.	2019;	Timmusk	et	al.	2017).	This	is	because:	(1)	PGPB	isolated	from	a	
given	 crop	 may	 not	 be	 equally	 efficient/beneficial	 to	 other	 crops;	 and	 (2)	 variable	 biotic	 and	 abiotic	
conditions	can	affect	the	suc-	cess	of	plant	colonization	by	PGPB,	which	is	not	always	stably	maintained	(Ji	






community	 in	 response	 to	 PGPB	 inoculation	 (Armada	 et	 al.	 2018),	 whereas	 others	 observed	 changes,	
although	without	counterproductive	effects	(Cipriano	et	al.	2016).	Further	studies	are,	therefore,	needed.	 
All	plants	were	supplied	with	growth-limiting	N	(0.39	mmol	per	week),	which	is	consistent	with	the	pale-	

















to	 the	carboxylation	site	 inside	the	chloroplast	stroma	(Flexas	et	al.	2008).	 In	our	study,	H.	seropedicae	









ATPase,	 a	H+	pump	 that	was	not	affected	by	H.	 seropedicae	 in	our	 study.	Because	ATPase	activity	 is	an	




previously	 shown	 for	arbuscular	mycorrhizal	 fungi	 (Ramos	et	al.	2005).	Vacuolar	H+-pumps	have	been	
shown	to	replace	the	pivotal	role	of	plasma	mem-	brane	H+-ATPase	under	stress	conditions	(Ramos	et	al.	
2009;	Maeshima	2000).	Our	data	showed	that	the	energy	backup	system	represented	by	vacuolar	H+	pumps	





















and	photosynthetic	efficiency	 in	rice,	which	will	 likely	result	 in	a	more	efficient	utilization	of	resources	
(nutri-	 ents	 and	 water)	 and	 increase	 production	 of	 nutrient-rich	 food	 at	 reduced	 economic	 and	
environmental	costs	(Paez-	Valencia	et	al.	2013).	 
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Fig.1 Effect of H. seropedicae inoculation on rice growth. Growth was evaluated by 
determining shoot length (a), stem diameter (b) and biomass (c). Bars are means ± SE (n = 5)  
Fig.2 Effect of H. seropedicae inoculation on rice photosynthetic activity. Photosynthetic 
activity was evaluated by determining a net carbon assimilation at ambiente CO2 
concentrations (A390=, b – Stomatal conductance (gs), and c – carboxylation efficiency 
(A390/Cix 103) Bars are means § SE (n=5). 
Fig. 3 Effect of H. seropedi- cae inoculation on rice root H+-pumping activity. Root H+-
pumping activity was evaluated by determining the hydrolytic activity (μmol P mg−1 root 
min−1) and pro- ton pumping initial velocity (relative fluorescence units) of a, b plasma 
membrane H+-ATPase (P–H+-ATPase), c, d vacuolar H+-ATPase (V-H+-ATPase), and e, f 
vacuolar H+-pyrophosphatase (H+-PPase). Bars are means±SE (n=5)  
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